Abstract-The purpose of this work was to investigate the potential of the normalized axial-shear strain area (NASSA) feature, derived from axial-shear strain elastograms (ASSE), for breast lesion classification of fibroadenoma and cancer. This study consisted of previously acquired in vivo digital radiofrequency data of breast lesions. A total of 33 biopsy-proven malignant tumors and 30 fibroadenoma cases were included in the study, which involved three observers blinded to the original BIRADS-ultrasound scores. The observers outlined the lesions on the sonograms. The ASSEs were segmented and color-overlaid on the sonograms, and the NASSA feature from the ASSE was computed semi-automatically. Receiver operating characteristic (ROC) curves were then generated and the area under the curve (AUC) was calculated for each observer performance. A logistic regression classifier was built to compare the improvement in the AUC when using BIRADS scores plus NASSA values as opposed to BIRADS scores alone. BIRADS score ROC had an AUC of 0.89 (95% CI 5 0.81 to 0.97). In comparison, the average of the AUC for all the three observers using ASSE feature alone was 0.84. However, the AUC increased to 0.94 (average of 3 observers) when BIRADS score and ASSE feature were combined. The results demonstrate that the NASSA feature derived from ASSE has the potential to improve BIRADS breast lesion classification of fibroadenoma and malignant tumors.
INTRODUCTION

Ultrasound (US) elastography was introduced by
as a technique to image the stiffness variation in soft tissues. The technique involves acquiring US (radiofrequency [RF] /envelope) signals from an imaging plane before and after a small quasi-static compression. Typically, the pre-and postcompression frames are processed to generate images of local strain, commonly known as elastograms. When the elastogram depicts axial strain values, it is referred to as an axial strain elastogram (Ophir et al. 1999) .
Based on the axial strain elastograms alone, elastography has been shown to be useful in a wide variety of clinical applications including breast lesion classification (C espedes et al. 1993; Hiltawsky et al. 2001) . The use of elastography for the reduction of the rate of unnecessary breast biopsies has been demonstrated by several groups (Garra et al. 1997; Regner et al. 2006; Barr 2006; Itoh et al. 2006; Cho et al. 2008) . Most of these reports have used the size discrepancy between sonographic and elastographic lesion appearance, along with/without strain contrast measures (Garra et al. 1997; Regner et al. 2006; Barr 2006; Burnside et al. 2007 ). Some of them have used a scoring system based on strain distribution patterns (Itoh et al. 2006; Cho et al. 2008) .
However, these measures from axial strain elastograms exploit only the size discrepancy between the sonographic and elastographic images of the tumor, which exists only in malignant cases. Nevertheless, it is also well documented in the literature that benign fibroadenomas are typically mobile (implying loosely-bonded to the host tissue) compared with malignant tumors, which tend to be well adhered (firmly bonded) to the host tissue (Fry 1954; Ueno et al. 1988; Bamber et al. 1988) . Therefore, it is reasonable to hypothesize that additional information regarding the bonding conditions near lesion boundaries has the potential to improve the performance of the current standard of practice in breast lesion classification by US.
Axial strain is one of the nine strain tensors that describe deformation in 3-D. We have shown that in addition to axial strain, it may be feasible to image another strain tensor in the form of axial-shear strain (ThitaiKumar et al. 2007) . Note that the total shear strain, as defined in eqn (1), is the sum of the axial-shear (firstterm) and lateral-shear strain component.
where (u, v) are the lateral and axial displacement components along the x-(lateral direction) and y-(axial direction) axes, respectively.
The ultrasonic estimation of the lateral-shear strain is noisy compared with the estimation of the axial-shear component (ThitaiKumar et al. 2005 ). This fundamental limitation as a result of suboptimal sampling between US array beams also affects traditional elastography and sonography. However, we have shown that imaging the axial-shear component alone results in quality images of an independent constitutive tissue parameter that relates directly to shear strain. The image depicting the axial-shear strain was referred to as axial-shear strain elastogram (ASSE). We demonstrated recently that the axial-shear strain distribution pattern around an inclusion is directly influenced by the bonding at the inclusion-background boundary using simulations, gelatin-phantom experiments and breast lesions in vivo (ThitaiKumar et al. 2007 ). The normalized axial-shear strain area (NASSA) near the inclusion-background boundary is a feature that could be used to identify the boundary-bonding conditions (ThitaiKumar et al. 2007 (ThitaiKumar et al. , 2008 . Results from the initial feasibility study that evaluated the potential of this feature to differentiate between benign and malignant tumors in the breast are encouraging (ThitaiKumar et al. 2008) . However, the initial feasibility study was restricted to a small number of in vivo cases (n 5 21) that precluded a detailed statistical analysis.
In this paper, we report on a larger follow-up study done to investigate the potential of the NASSA feature to classify breast lesions into fibroadenoma and cancer, and therefore reduce unnecessary benign breast biopsies. We include the results of a statistical analysis performed to assess the improvement in the BIRADS-based breast lesion classification as a result of the addition of NASSA.
MATERIALS AND METHODS
In vivo data
We used in vivo digital RF data of breast lesions that were acquired at the University of Vermont by Dr. Garra's group (1997) . The patient study was HIPAA-compliant and had appropriate institutional review board approval. Informed consent was obtained from all participating patients, who were informed that the RF data collected would be used at a later time for the creation of elastograms. The sonograms used in this study were reconstructed from the selected RF frames. Patients with a BIRADS score of $4 and were scheduled for a biopsy participated in elastographic data acquisition. In addition, patients with BIRADS score 3 who elected to undergo a biopsy were also included. The elastographic data were acquired using a Philips HDI-1000 US scanner (Philips Healthcare, Andover, MA, USA) operating at 5 MHz center frequency. The setup consisted of a precision digital motor system for controlled compressions. The acquisition protocol involved multicompression with step sizes of 0.25%, up to a maximum total compression of 5% (Varghese et al. 1998) . For each in vivo case, six acquisitions (three each in two orthogonal planes) were acquired. Thus, we had the option to use scan data from more than one scan plane per case. Note that we only reprocessed the archived data and no new data acquisition was done in the present study.
We had a total of 134 pathologically confirmed cases in our database comprising 35 malignant and 99 benign cases. Among the benign cases, we had several ''normal fibrocystic changes'' and other benign conditions such as complex cysts and 33 fibroadenomas. For this (blinded) observer study, only patients with biopsyproven fibroadenoma or cancer were included. This was because previously reported simulation and phantom studies (ThitaiKumar et al. 2007 ) used boundary conditions that modeled fibroadenomas and cancers. In addition, we noticed from simulations (not published) that the axial-shear strain feature reported in the literature (ThitaiKumar et al. 2007 ) is technically valid only if the lesion is located at a depth that is at least one lesion diameter below the surface of compression, because of inadequate surrounding tissue availability near the proximal lesion boundaries. By removing those cases where the lesion was located close (less than one diameter) to the surface of compression, we were left with 30 of the 35 malignant cases and with all 33 fibroadenoma cases for this study.
ASSE generation, display and feature of interest
The precompression and temporally stretched postcompression RF signals were processed to obtain ASSEs using algorithms detailed elsewhere (C espedes et al. 190 Ultrasound in Medicine and Biology Volume 37, Number 2, 2011 1993; ThitaiKumar et al. 2008 ). For each case, ASSEs were obtained for all six scan planes; only one scan plane was chosen for the observer study (as described in Appendix A). The area of the axial-shear strain region, normalized by the area of the lesion in the corresponding sonogram, was used as the feature of interest (i.e., NASSA). Additional details from prior work that describe this feature are given in Appendix A. However, the method to determine the area of axial-shear strain region differed slightly from the previous study (ThitaiKumar et al. 2008) . In the present study, the ASSE was displayed as a color-overlay on the corresponding sonogram, which was used as an anatomical reference. The segmentation of the axial-shear strain region was done automatically based on the sonographic lesion outlined by the expert observer(s) (details in Appendix A).
Observer training and image evaluation protocol
We engaged three volunteer observers. Observers 1 and 3 were registered diagnostic medical sonographers with at least 10 years of experience in breast US, whereas observer 2 was a trained breast radiologist. Observer 2 had never been exposed to ASSEs, whereas observers 1 and 3 had some familiarity. During training, the observers were presented with sample images of color ASSEs overlaid on the corresponding sonograms that are typical of fibroadenoma and of cancers. Example images from the training set are shown in Fig. 1 . We used five cases each of fibroadenomas and cancers for observer training purposes. This included two example cancer data that were excluded. The observers participated in the study one week after the training date, and the testing set included the training cases. However, we removed the training cases from the testing cases during statistical analysis.
The sequence of steps taken in the observer study is illustrated in the flowchart in Fig. 2 . A custom interactive software program written in MATLAB (The MathWorks, Natick, MA, USA) was used. The software randomly selected a case from the dataset and displayed the corresponding sonogram. The observers either manually outlined the sonographic lesion or responded ''no'' to indicate lack of adequate sonographic lesion visualization. The ASSE was segmented automatically (details in Appendix A) based on the presence or absence of sonographic lesion outline and displayed as a color overlay on the corresponding sonogram. The observers were given the option of modifying their initial sonographic lesion outline upon viewing the color-overlaid ASSE. Next, the observers evaluated the ASSE for a characteristic axial-shear strain pattern and feature extraction. The axial-shear strain area near the lesion of interest was segmented automatically, but to improve its reliability the observers were allowed to manually outline it using a computer mouse. For this reason, the feature extraction from ASSEs may be considered as a semiautomatic process. In Fig. 1 , the automated segmentation as well as the observer's outline circumscribing this area can be seen. Note that the observers were instructed to pay attention to the axial-shear strain areas only near the proximal lesion boundary. This was because in some in vivo sonograms, the echo signals distal to the tumor have a poor signal-to-noise ratio caused by attenuation and shadowing effects. Consequently, we are not able to produce reliable images of axial-shear strains in these distal regions Fig. 1 . Examples from the training set showing the axial-shear strain regions of interest as a color overlay on top of corresponding sonogram of (a) fibroadenoma and (b) cancer. Notice that the axial-shear strain areas (outlined in magenta) caused by the cancer were considerably bulkier compared with the slim ones caused by the fibroadenoma. The red and blue colors encode the directional polarity of axial-shear strain (blue 5 negative, red 5 positive).
with current algorithms. Further, of the two proximal regions (red and blue), only the maximum area was used, instead of possibly averaging the two areas, to compute the NASSA feature value. Note that a larger axial-shear strain area is expected near firmly bonded lesions (cancers); by using the maximum, we gave preference to possible false-positive results rather than to falsenegative results (missing a cancer). Finally, the software proceeded to the next randomly selected case. The BIR-ADS scores were assigned after review of both the mammograms and the US imaging. All five breast imagers who participated in the study have a minimum of 15 y of experience reading mammograms and US (range, 15 to 32 y) and are Mammography Quality Standards Act-certified mammogram readers. Note that the BIRADS scores used were the ones assigned before the elastographic data acquisition and used here only in the statistical analysis, whereas the observers were blinded to it.
Statistical analysis
Receiver operator characteristic (ROC) analysis was used to summarize the diagnostic performances of NASSA and BIRADS to predict the pathological classification. Because correlation from multiple observers reading the same images can result in a biased ROC curve for combined data, we instead took the average of the readers' specificity at fixed sensitivity values to combine the observer-specific ROC curves (Obuchowski 2007) . The BIRADS scores were coded as 3, 4, 4.25 (for 4a), 4.5 (for 4b), 4.75 (for 4c) and 5. The statistical packages ''R'' version 2.6.2 (R Foundation for Statistical Computing, Vienna, Austria) and Stata (StataCorp LP, Stata Statistical Software: Release 10.1, College Station, TX, USA) were used for the analysis. Table 1 summarizes the response from each observer who participated in the study. It can be seen that the number of sonograms on which the observers was able to outline the lesion (blinded to the ASSE) was on average only 72% of the 63 cases (second column, i.e., average of 44/63, 54/63 and 38/63). This percentage improved by an average 6.3% after looking at the ASSE (third column), demonstrating the use of ASSE in confirming the lesion boundary and thereby improving sonographic lesion visualization. The observers later reported that looking at the sonogram from only one scan plane restricted their visualization of the lesion in a number of cases. The last column gives the number of cases for which the observers were able to identify Fig. 2 . Flowchart describing the step-by-step sequence of how the observer study was performed.
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Ultrasound 2011 a sonographic lesion and characteristic ASSE features. The average yield on the diagnostically useful cases from all the observers was 60.3%. This is further discussed in the next section. Figure 3 shows the ROC curves based on each observer's ASSE feature value compared with the ROC curve for the BIRADS score. BIRADS had an area under the curve (AUC) of 0.89 (95% CI, 0.81 to 0.97). In comparison, observer 1 had an AUC of 0.85 (95% CI, 0.72 to 0.98), observer 2 had an AUC of 0.87 (95% CI, 0.76, 0.98) and observer 3 had an AUC of 0.81 (95% CI, 0.66 to 0.96). In addition, the plot also shows the average ROC curve for the ASSE feature value over the three observers.
To explore ways to combine the BIRADS score and the ASSE feature value, we first examined the scatter plots of NASSA vs. BIRADS. Figure 4 shows the scatter plot obtained for the three observers. We note that there is a significant separation of the two classes in the bivariate distribution for the observations with a BIRADS score of 4. For example, note that several fibroadenoma with a BIRADS score of 4 can be identified by small NASSA value and several malignant tumors with small NASSA value have a BIRADS score of 5.
We then applied a logistic regression method to combine the NASSA values and the BIRADS score into one classifier score (Cox 1958) . A logistic regression model was fitted, with the outcome being the pathology report and predictors being the NASSA feature and BIR-ADS score, for each observer. The posterior probability of having a positive pathology report was used as a new score for classification, incorporating both the NASSA and BIRADS information. The observer-specific ROC curves for NASSA 1 BIRADS are compared with BIR-ADS alone in Fig. 5 . We observed an increase in accuracy Fig. 3 . Plot comparing the ROC curves of the ASSE features value for the three observers (.). The plot also shows the average of the three observers' ROC curves (solid line) and the ROC curve based on the BIRADS scores (-). for the combined classifier (mean AUC, 0.94). Also shown in Fig. 5 is the average ROC curve of the three logistic regression models using NASSA 1 BIRADS compared with BIRADS alone. The logistic regression coefficient estimates for the three observers are shown in Table 2 . Boxplots of the predicted values from a logistic regression model using NASSA value and the BIRADS scores as predictors are shown in Fig. 6 . It can be seen that the differences between the classes are similar for the three observers and the scores were very well separated between the two classes. This suggests that the interobserver variability may not be large.
We expected our results to be biased upwards (or over estimated) because we presented the results on the same dataset that was used for training of the parameters in the model. To obtain an estimate of how well the classifiers might perform on out-of-sample data, we performed leave-out-one cross validation (Shao 1993) . For each observer, we removed one observation at a time and trained the logistic regression model with the remaining observations. The model was used to predict the omitted observation's posterior probability of having a positive pathology report. The posterior probabilities for each observation were combined to give an out-ofsample estimate of the performance of the classifier. As expected, the mean AUC decreased from 0.94, but, to our surprise, ended up at 0.86, slightly lower than that of BIRADS alone (mean AUC, 0.88). We believe that the sample size might be too small to estimate the accuracy with great accuracy. The average ROC curve of the cross-validated scores is shown in Fig. 7 .
DISCUSSION
The results from the study demonstrate that the recently introduced ASSE may have a role in aiding the US classification of benign vs. malignant breast lesions. More importantly, the results based on adding the NASSA feature to the established BIRADS scores show an improvement in classification performance, as is evident from an increase in the AUC from 0.88 to 0.94. In recent years, several reports have shown that using regular axial elastograms alongside BIRADS improves the breast lesion classification performance (Burnside et al. 2007; Cho et al. 2008) . Unlike axial elastograms that depict information related to underlying tissue stiffness, ASSEs convey information regarding lesion/ host boundary bonding property (ThitaiKumar et al. 2007) . Therefore, it is reasonable to expect that the additional ASSE feature could improve the BIRADS or BIRADS 1 ASE-based classification performance even further. Thus far, we did not incorporate the axial elastograms into this study. The major focus of this work was to evaluate the ASSE feature, and incorporating the axial elastogram presented some issues regarding the order of presenting the image and bias associated with doing so. Nevertheless, this is an important aspect that will be addressed in a larger study in the future.
Another important aspect to be noted is that for any new technique to improve patient care, it needs to reliably place lesions such as fibroadenomas into BIRADS 2 so that biopsy can be avoided. Although our intention was not to test the separability of BIRADS 4 and 5 with this new feature, we reported the analysis that included all the cases that had pathology results available. In the future, when a larger number of biopsy-proven cases of fibroadenomas might be available, we can probably Fig. 5 . ROC curves of the logistic regression model scores, using predictors NASSA 1 BIRADS for the three observers, compared with BIRADS alone. exclude the cases with a BIRADS score 5. At this investigative stage, though, it was of interest to see how the ASSE feature performed for the cases with BIRADS score 5 as well. The summary of the observer responses given in Table 1 has at least two points of interest. First, it shows that the observers found that ASSE was helpful in depicting the sonographic lesion in approximately 13% (average) of the cases. This is consistent with the observation we reported earlier (ThitaiKumar et al. 2008) . Second, notice that the observers outlined the lesion in the sonogram only on approximately 78% of the cases. The number of diagnostically useful cases reduced even further to only 60%, when the ASSE feature was not extractable. The poor yield can be attributed to the following limitations. Recall that the elastographic data were acquired for a previous study and were not optimized for ASSE. Furthermore, the data acquisition was done while the operator was blind to the axial elastograms and to the ASSE. This limitation was further compounded when the observers had only one scan plane for determining sonographic lesion, as opposed to the cine-loop of frames typically used in standard practice. Furthermore, the 5-MHz center frequency transducer used is lower than what is typically used in breast imaging today. A higher frequency transducer would be expected to have yielded better quality images and therefore increased the number of diagnostically useful cases. Thus, the nature of data acquisition restricted the number of cases that were eventually analyzed. It is noteworthy that, despite these limitations, the ASSE features were still able to improve the AUC.
It is known that US imaging in general is operatordependent and is prone to interobserver variability to a large extent (Rahbar et al. 1999; Sehgal et al. 2004) . It is clear from Fig. 6 that there was an agreement in the operating points among the observers. This could be a result of the semi-automated nature of the feature extraction, as well as having only one scan plane to evaluate. Recall that the observers outlined the sonographic lesions; however, the ASSE is segmented automatically. Thus, interobserver variability was minimized probably because of general agreement on the sonographic lesion appearance. However, we are aware that a larger future study should investigate interobserver variability more closely.
We had 134 cases in our database that consisted of fibroadenomas, cancers and other benign conditions. In this study, we short-listed only fibroadenomas and cancers that were good approximations to the model studied for ASSE (ThitaiKumar et al. 2008) . Nevertheless, the potential of ASSE to identify other benign conditions with suitable adjustments to the model is desirable but was beyond the scope of the current work. Because the study was limited only to fibroadenomas and cancers, there were insufficient data to do a formal training and testing of the logistic regression algorithms. Therefore, although these preliminary results are very promising, a formal study to train and test an algorithm should be conducted to evaluate the accuracy of the combined ASSE 1 BIRADS. 
CONCLUSIONS
We have shown that features from recently developed ASSE, which provides information regarding lesion/host bonding characteristics, may add to existing sonographic and elastographic feature sets that are used in routine clinical practice for tumor differentiation with US. ASSEs are complementary to and can be used alongside with other coregistered images like axial strain elastograms and sonograms, to better visualize and interpret tissue information in the region of interest. ASSEs can be generated simultaneously with axial elastograms and sonograms, thus inheriting their advantages of being noninvasive, inexpensive and available in real time and in perfect spatial registration. However, it must be understood that the present results are based on in vivo cases obtained earlier without ASSE feedback. Therefore, a larger study on dataset acquired with ASSE feedback is in order to confirm the initial promise. In addition, recall that the data used in this study were acquired using a controlled-compression device and not freehand, as might be desired. This aspect will need to be addressed in the future.
were large for firmly bonded inclusion compared with loosely bonded inclusions. Therefore, it is reasonable to expect that the NASSA values would cluster toward larger values for cancer cases than for fibroadenomas in the scatter plot shown in Fig. 4 .
ASSE display
Another important issue that was addressed before commencing the main observer study was the desired ASSE display format. Recall that previously ASSE was displayed as a stand-alone image with fixed grayscale range next to the corresponding sonogram (ThitaiKumar et al. 2008) . However, the display of ASSE as a color overlay on the corresponding sonogram seemed to be advantageous in localizing the axialshear strain region to relevant lesion of interest. Therefore, two of the observers who participated in the main study performed the following task independently to evaluate the preferred ASSE display. The two observers were presented with a sonogram and a corresponding standalone grayscale ASSE side by side for each of the 63 cases, one at a time in random order. The observers then outlined the lesion of interest on the sonogram. Immediately thereafter, a third image widow appeared on the screen that contained color overlay of segmented ASSE on top of the corresponding sonogram. The observers were asked which ASSE display format would be preferred and the response was noted. The analysis of the response showed that in 95% of the cases, the two observers preferred the color overlay of ASSE on corresponding sonogram to the stand-alone grayscale display option.
Details on color overlay
Only those pixels from ASSE that were deemed to be of good quality (i.e., having corresponding correlation coefficient greater than 0.7) and having axial-shear strain value greater than a contour threshold were overlaid on the corresponding sonogram. The ''jet'' color map option was chosen in MATLAB (The MathWorks) to overlay the ASSE. The contour threshold was chosen as 50% of the averagemaximum axial-shear strain values near the inclusion boundary. This contour threshold was chosen to be consistent with previously reported feasibility studies on ASSE (ThitaiKumar et al. 2007 ). Clearly, the absolute value of the NASSA depends on the choice of this threshold value. A thorough analysis on the effect of the threshold value on the classification performance is beyond the scope of this work, but is certainly an important aspect that needs to be investigated in future work. This method can be considered a self-normalizing technique, where the axial-shear strain feature will be normalized for the applied axial strain and inherent elastic modulus contrast simultaneously. Note that if the observer refused to outline a lesion on the sonogram, the averagemaximum default value was set to 0.0025 (applied axial compression strain value) for display and segmentation purposes. compared with a MCA technique (a).
